We investigate resonant interaction of conduction electrons with an electromagnetic field that irradiates a point contact between a ferromagnetic and a normal metal in the presence of a strong magnetic field of order 1 T. We show that electron spin-flips caused by resonant absorption and stimulated emission of photons result in a sharp peak in the magnetic-field dependence of the point-contact resistance. The height of the peak is shown to be directly proportional to the net rate of energy transfer to the electromagnetic field in the point contact due to absorption and stimulated emission of photons. 
Introduction
Forcing a current to go through a nanoconstriction is one of the most efficient methods available for creating highly nonequilibrium distributions of electrons in metals. Electrical current densities as high as 9 2 10 A / cm , which are unattainable in bulk metals, are easily achieved in point contacts with a diameter of a few nanometers [1] . The absence of Joule heating (which crucially limits electrical current densities in bulk metals) is ensured in microcontacts by the smallness of their size relative to the characteristic energy-relaxation length, ε λ , of the "hot" electrons. The same condition is responsible for another remarkable feature of point contacts, which is that the excess energy of the hot electrons can be directly controlled by the voltage applied to the system. This is because the voltage drop occurs almost entirely in the point contact, since the current density quickly becomes negligible as the distance to the contact increases [1] . The ease by which the energy of hot electrons can be controlled makes it possible to scan the channels for inelastic electron scattering. This is the basis for point-contact spectroscopy of elementary excitations in metals and semiconductors [2, 3] .
Experiments with point contacts between two different metals present a new unique possibility for injecting hot electrons from one metal to the other and allow for comparative studies of the spectra of different materials in a single experiment. An important feature of heterocontacts is the focussing property of the point-contact interface, which leads to selective passage of hot electrons through the contacts depending on the orientation of their momenta (due to effects of refraction and total internal reflection) [4] .
The electron spin does not effect the scattering of hot electrons if the point-contact metals are nonmagnetic. If magnetic point contacts are used, however, the electron spin degree of freedom becomes an essential element of the point-contact spectroscopy. This is because the exchange interaction shifts the energy levels of electrons with different spins with respect to each other. The spin-split energy levels may result in a highly spin-polarized electron system in the sense that both the total electron density and the electron density of states at the Fermi level may be very different for the different spin projections. Another consequence of the spin-splitting is that a new spectroscopic effect -electron-photon scattering -becomes possible in magnetic structures. In nonmagnetic metals electron-photon scattering is not allowed by the energy-and momentum conservation laws, but in magnetic point contacts such scattering manifests itself as a resonant process accompanied by electron spin-flips. This raises the question of the effect of this scattering on the electrical conductance of point contacts. The objective of our paper is to develop a theory of the electron-photon scattering in point contacts and its effect on the conductance. We are mainly concerned with the properties of magnetic contacts between two different magnetic metals or between one magnetic and one nonmagnetic one [5] .
A microcontact between two different magnetic metals results in a "focusing" of injected hot electrons in spin space -an effect known as spin-dependent electron tunneling [6] [7] [8] [9] . Due to this effect an excess spin density is accumulated in the point-contact region in conjunction with a concentration of the current. Under certain conditions such an accumulation is accompanied by an inverse population of the spin-split electron energy levels [10] [11] [12] . If this is the case, we show that electron-photon scattering results in the generation of coherent photons, which leads to an enhancement of the electromagnetic field propagating through the point contact. This effect has been observed experimentally [13] ; in Sec. 5 we discuss the possibility of building a terahertz laser based on this phenomenon. Recently, photon emission from ferromagnetic metal junctions was also observed [14] .
Below, we will first outline the formalism to be used for calculating the electrical current through the model point contact. The relative weakness of the electron-photon interaction then allows us to proceed in two steps. In the first step we calculate the inverse electron spin population accumulated in the contact region to zeroth order in the electron-photon interaction strength, while in the second step we find the induced photocurrent in the presence of radiation as well as the resulting change in the point-contact resistance to first order in the electron-photon interaction.
Formulation of the problem
The system under consideration is a point contact between two metals (labelled 1 and 2 in Fig. 1 ) under electromagnetic irradiation. Metal 1 is a ferromagnetic metal while metal 2 is either a ferromagnetic metal or a normal metal under an external magnetic field H. As illustrated in Fig. 1 the magnetization in metal 2 (or the external magnetic field) is assumed to be antiparallel to the magnetization in metal 1. We will carry out the calculations for this case, but in Sec. 5 we will comment on the changes that occur if these directions instead are parallel to each other. We furthermore consider the point contact to be in the diffusive transport regime, so that the elastic mean free path l is much shorter than the characteristic size d of the contact.
In order to calculate the electrical current through the point contact (PC) one needs to find the distribution functions (1, 2) ( ) f σp r of electrons in metals 1 and 2 to the left and right of the constriction, respectively (see Fig. 1 ), where p is the electron momentum and = 1 σ ± is the electron spin. In each of the metals these functions satisfy Boltzmann equations 
J is the exchange interaction between conduction electrons and those of magnetic atoms in the magnetically ordered crystal, F v is the Fermi velocity, ac h is the amplitude of the magnetic component of the microwave field. Equation (3) reflects the fact that in nonmagnetic metals the electron spin and the electromagnetic field are coupled by the conventional relativistic Zeeman interaction, while in magnetic materials the exchange interaction of free electrons offers an efficient mechanism for radiation induced spin flips (see Ref. 10 ). This mechanism is based on the dependence of the exchange energy J , which is responsible for the Zeeman splitting, on the electronic momentum p [10] . The momentum dependence has to do with the overlap of the wave functions of the conduction electron and electrons of the magnetic subsystem (see, e.g., Ref. 15) , which is determined by the value of | | / a p , a is the atomic spacing. In the presence of an electromagnetic field described by a vector potential A the momentum operator p in the electron Hamiltonian must be changed to ˆ( / ) e c − p A . The resulting effective conduction electron spin-electromagnetic field interaction is presented in Eq. (8) For the sake of simplicity we assume the scattering of electrons by the surface of the point contact PC Σ to be specular:
while the boundary conditions which couple the electron distribution functions at the interface FF ′ Σ between metals 1 and 2 can be written in the form (1) (2)
are the momenta of the incident and reflected electrons, respectively, while p and p ⊥ are the projections of the electron momentum parallel and perpendicular to the scattering surface at the point of the reflection ,
PC FF′
∈ r Σ Σ (we consider the case when the radii of the interface and the point-contact surface are much larger than the electron de Broglie wave length); the momentum of the transmitted electron p is determined by the energy conservation condition,
As the current spreads and its density decreases with an increased distance from the PC, the electron system tends to the equilibrium state (as | | d r ). Hence the electron distribution functions (1, 2) f σp must satisfy the boundary conditions
We consider the limit of a weak electron-photon scattering,
, where ph l is the electron-photon relaxation length. In this limit it is possible to solve Eq. (1) by a perturbation expansion of the distribution functions 
Here
is the electron-photon collision integral, Eq. , is a sum of the elastic current el I and the photocurrent ph I , which are given by the relations
Here the first integration is over the cross-section area of the point contact.
In order to solve kinetic equations (13) and (14) we use the procedure developed in Refs. 4, 16, 17 after a straightforward generalization to the spin-polarized case. To zeroth order in the expansion parameter the distribution functions ( ) ,0 s f σp can be expressed as
Here (1) ( ) σ α p r and (2) ( ) σ α p r are the probabilities for an electron moving from −∞ along a diffusive trajectory (while its energy and spin projection are conserved) to arrive at point r in, respectively, metal 1 or 2 with momentum p . The distribution functions (2) f σp are sketched in Fig. 2 
where the boundary condition at the interface between metals 1 and 2 follow from Eq. (10).
To first order in the expansion parameter the states are only partly occupied (red rectangles) and to an extent that is determined by the probabilities ( ) α ↑p r and ( ) α ↓p r for "hot" electrons in the ferromagnet to reach r . Clearly, the difference between the densities of spin-down and spin-up electrons,
, depends on the bias voltage V. It follows that the spin population can be inverted, so that
2μ B H f p↓ α p↑ (2) f p↑ (2) f p↓ (2) α p↓
(1)
where ⊥ e is a unit vector perpendicular to the interface at point FN ∈ r Σ , and 
For the sake of simplicity, we will below consider a point contact in the form of a channel, as shown in Fig. 3 .
The channel is assumed to be long, L d l , where L is the length of the channel and d is its width. In this case the factor ( ) ( ) s σ α 〈 〉 p r only depends on the coordinate z along the channel and satisfies the equation 
with boundary conditions
together with the matching conditions in Eq. (21), where
The elementary solutions of the diffusion Eq. (25) with the above-mentioned boundary conditions are (1) (1)
here we introduced the notations
Spin accumulation in the point contact
If electrons are injected from metal 1 (i.e., if > 0 eV ) the numbers of "hot" electrons with spin up and down are ( )
where ( 
2) PC
Ω is the volume of the normal-metal part of the contact ("active" zone). Using Eq. (29) and Eqs. (16) , and (19), (27) one finds ( )
where 0
is the conduction electron density in the normal metal ( F ν is the electron density of states at the Fermi level F ε ). Therefore the total number of "hot" electrons in the normal-metal side of the contact is ( ) (2) (2) (2) tr 0 tr
As can be seen from Eq. (30) the induced magnetic moment corresponding to the net spin density accumulated in the same region is ( )
Notice, that the ratio tr tr / β γ determines the effective spin of an injected electron, (2) (2)
and, therefore, is a measure of the spin polarization of the "hot" electrons. Thus the spin accumulation inside PC by the applied voltage V produces an additional moment inside the PC. If d is of the size of several hundred nm and tr 0.3 β ≈ , Fig. 3 . Simplified point-contact geometry used for calculations (see text in Sec. 2).
which corresponds to a nearly ballistic PC, l d ∼ , and the spin polarization of 30% at the F/N interface, one has 6 9 10 ; 10 .
As one sees from Eq. (28), the dependence of , which prevents spin accumulation.
Using Eq. (16) and Eqs. (19), (27), (28) 
= , 6 1
where 2 0 = 2 / G e h is the conductance quantum and PC Ω is a point-contact volume.
Photocurrent

Photocurrent through a point contact with one interface
As the interaction of an electron with a photon does not essentially change the electron momentum (in contrast to the inelastic scattering of electrons by phonons and magnons) the main contribution to the photocurrent flowing through the point contact under electromagnetic irradiation arises due to the changes in the electron spin densities produced by vertical spin-flip transitions (in energymomentum space) stimulated by the photon field. The change of the electron distribution function ε one can neglect the terms proportional to the electric field on both sides of Eq. (14); the solution of this equation with the above-mentioned boundary conditions may be found using the Green's function, (4)). This equation is supplied with boundary conditions,
Here R is the "dark" contact resistance, Eq. (35), while the relative change of the point-contact resistance caused by the irradiation is ( )
As one sees from Eq. (47) the dependence of the photocurrent on the magnetic field has a sharp peak corresponding to the resonant interaction of electron spins and the electromagnetic field.
Photocurrent through a point contact with two interfaces
The possibility to detect electromagnetic radiation by measuring the current that flows through the point contact under consideration in this work is based on the dependence of the resistance of the interface between the normal and ferromagnetic metals (or between two ferromagnetic metals) on the spin orientation of transmitted electrons. The physical mechanism will be outlined in more detail below.
An electron injected from the ferromagnetic metal into the normal metal moves along a diffusive trajectory while being scattered by impurities. The result is an electronic back-flow, since some injected electron returns to the injecting interface. Thus, a repeated crossing of the interface can be expected due to the presence of impurities. If no photon emission takes place the electron returns to the injecting interface with the same spin orientation. On the other hand, if a spin-flip photon emission occurs, then the electron back-flows with the opposite spin orientation and therefore encounters a different interface resistance. This change in interface resistance for the back-flow current can be detected by measuring the changes in the current-voltage characteristics upon irradiation. From this consideration it is clear that the presence of impurities is important for detecting the effect using transport spectroscopy (this conclusion is confirmed by Eq. (46) for the photocurrent as the latter goes to zero along with (2) σ β as 2 l → ∞ (see Eq. (28)). On the other hand, the photoemission effect is enhanced along with the increase of the pumping current through ballistic contacts, at the same time becoming more difficult for detection with the help of transport measurements in the above geometry.
In this subsection we introduce a modification of the set-up that allows the electron-photon relaxation to be detected also in ballistic point contacts (see Fig. 4 ), where the effect should be more prominent. The detection method in this F/N/F (or F/F 1 /F) geometry relies on the forward-flow current rather than the back-flow current as is the case for the single-interface PC considered earlier. Figure 4 illustrates the two-interfaces magnetic pointcontact geometry. Here the electron that undergoes electron-photon scattering preserves its momentum and traverses the second interface, the resistance of which is spin dependent and therefore sensitive to whether a spin-flip even has occurred. The point contact under consideration consists of three conductors with two ferromagnetic electrodes aligned either parallel or antiparallel.
The current through the point contact to be
Here the change of the point-contact resistance is ( )
where ( .
If the transparencies of the left and right interfaces are small,
Therefore, in the both cases the value of the photocurrent Eq. (49) does not depend on the electron mean free path inside the point contact and hence, in contrast to a point contact with one interface, it does not vanish in the ballistic limit in which the emission of photons and its effect on the point-contact electric transport properties are maximal. r
which makes it clear that its magnitude depends on the net rate of photon absorption/emission in combination with the spin dependence of the effective transparency of the point contact. From Eq. (47) one notes that the microwaveinduced current changes sign at = V V * , i.e., when the rate of photon emission by "hot" electrons begins to exceed the rate of photon absorption.
The close relation between the electron transport and photon radiation processes allows us to express the photocurrent in terms of the power of emission and absorption of photons by electrons in the point contact. Using Eqs. (7), (16) , and (27) one finds that the net emitted power due to resonant ( = 2 B H ω μ ) absorption and emission of photons in the irradiated point contact, defined as
, can be expressed as
Here ( )
is the absorbed power due to photon absorption at V = 0. As is follows from Eq. (58) th = (4 / 3) V V * is the threshold voltage at which the stimulated emission of photons from the point contact takes place.
Comparing Eq. (47) and Eq. (59) one finds that
which makes it possible find the power 0 P absorbed from the electromagnetic field by measuring ph ( ) / dj V dV (see Eq. (47)) after first having determined V * from the condition ph ( ) = 0 j V * . Furthermore, the net emitted power ( ) P V can be determined by measuring ph ( ) j V with the help of Eq. (60) and Eq. (58).
Conclusions
We have shown that an inverted spin population is accumulated in a voltage biased point contact between a fer- (F) and a normal metal (N . We have furthermore shown that if the point contact is irradiated by an electromagnetic field, photon-induced electron spin-flip scattering gives rise to a narrow peak in the radiation-frequency dependence of the relative change of the point-contact resistance, / R R Δ
. The peak appears when the frequency is resonant with the exchange splitting in the normal-metal spectrum of conduction electrons, which for an external magnetic field of 1 T occurs at 30 GHz.
The following features of the considered phenomenon should be mentioned. Being dependent on the total number of hot electrons with a given spin, the effect of electronphoton scattering does not depend on their energy distribution and hence the effect predicted here is not sensitive to the temperature. Our analysis shows that there is a special correlation between the relative orientation of the vectors M and H and the direction of the current injection needed for the observation of this phenomenon. Hence, in the case of an antiparallel orientation of M and H an injection of electrons into the nonmagnetic metal is needed to achieve a level of photon emission that is larger than the level of photon absorption, while in the case that M and H are parallel one needs the injection of electrons to be in the opposite direction, which can simply be achieved by reversing the voltage polarity.
The net power, ( ) P V , generated by the stimulated emission of photons in the electron spin-flip relaxation process can be determined by measuring the photon current ph ( ) j V defined in Eq. (47). In a typical experiment [18] the 12-48 mW of 14-64 GHz radiation generated by an HF Klystron produces a magnetic amplitude ( ac h ) of the electromagnetic field inside the point contact of order 30 mT. For such a field we find that / 0.01-0.10% R R Δ ∼ and that ( ) P V is given by Eq. (58) with 0 1-10 P ∼ pW; 0 P being the power absorbed from the electromagnetic field due to photon absorption in the contact region. These estimates show that an experimental implementation of electromagnetic radiation spectroscopy in point contacts is quite feasible. Comparison between the above theoretical analysis and the recent observation by the ILT group shows a good quantitative agreement [13] . It follows from Eq. (58) that the radiation field is enhanced by the stimulated emission of photons if the proportionality coefficient is greater than zero, that is at > (4 / 3) V V * . From here it follows that the point contact may be considered as an active element with the increment of the electromagnetic field given by
